To assist the interpretation of STR DNA typing results from forensic casework samples containing mixtures, the range of heterozygous allele peak height and peak area ratios (HR) and stutter percentages (stutter %) for the loci comprised in the AmpF STR R Profiler Plus TM (PP) kit were assessed on 468 database and 275 casework single source samples. Stutter % medians were similar for database and casework samples, ranging from 2% to 7%. The upper limit of the stutter value range was 16%, calculated as median +3 SD, although lower locus-specific values could be used. HR medians were 93 ± 6.5% for database samples, 88 ± 12% for casework samples. For casework samples, the maximum signal imbalance noted was 52%, calculated as median −3 SD. No significant difference was observed between peak height and peak area calculated values. This study shows the importance of selecting the proper reference database for the establishment of HR threshold values.
The field of human identification has progressed significantly in recent years with the development of highly discriminating PCR-based DNA typing systems. The use of STR loci and highly sensitive instrumentation based on fluorescence detection enables rapid genetic profiling from minute amounts of biological material. As such, STR DNA typing analysis has been extensively used in forensic casework to establish the presence of a perpetrator's DNA in crime scene evidence. Biological evidence recovered at crime scenes often consists of mixtures of bodily substances originating from more than one individual, so mixed STR profiles are frequently encountered in criminal investigations. Profile interpretation in such cases normally follows a systematic approach (1) (2) (3) . It involves the identification of potential major and minor components, the assignment, when possible, of each allele peak to a specific contributor, and the identification of shared alleles. If a profile other than that of the victim can be developed, then it can be compared with that of a suspect and/or queried against a criminal intelligence DNA database.
Three major characteristics of the STR DNA typing process can impact on mixture interpretation: 1. Stutter peaks, which are minor peaks typically one repeat unit length shorter than that of their parent nominal allele peak and generated through strand slippage during amplification (4) , can interfere with mixture interpretation. As an example, an allele from a minor profile can potentially escape detection if it co-localizes on a chromatogram with the stutter peak of a nominal allele from the major profile. 2. Sporadic imbalances in allele peak height or peak area ratios at heterozygous loci can also impact on mixture interpretation. In theory, when alleles at a heterozygous locus are stochiometrically amplified, allele peak height and area ratios should be close to 1. However, imbalances can be triggered by stochastic effects when amplifying too little DNA or degraded DNA, or by the inability to remove PCR inhibitors during DNA extraction. These allelic imbalances can complicate the interpretation of mixed profiles if allele peaks from one contributor cannot be reliably identified because of significant signal imbalances. 3 . The unpredictability concerning the number of shared alleles between contributors can also reduce the ability to identify individual profiles in a mixture.
The interpretation of mixed DNA typing profiles is facilitated by statistics compiled for the range of stutter % and HR values to be expected from single source samples. Such data can be readily collected from profiles derived from population database samples (5) (6) (7) (8) . However, this sample type is more akin to felon data banking samples, and mixture interpretation guidelines based on data obtained from this sample type may not necessarily be the best possible choice for casework samples. Data on simulated or limited size actual casework sample sets have also been published (9, 10) . Admittedly, it can prove difficult to assemble, without selection bias, a small-sized representative sampling of casework specimens for such a study as casework samples can be exposed to environmental insult(s) varying in nature, intensity and duration before being recovered from crime scenes. Data from a large number of unselected actual casework single source samples would likely provide more realistic guidelines for the interpretation of mixed profiles encountered in casework specimens. This study, part of a larger validation effort (11) , reports the systematic stutter % and HR analysis performed on 275 casework samples processed with the AmpF STR R Profiler Plus TM (PP) kit and the ABD 377 DNA sequencer. A similarly large number of pristine database samples (n = 468) was used to provide adequate benchmark values against which casework data could be compared.
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Materials and Methods
Biological Samples
A total of 164 questioned samples and 111 known samples from 48 adjudicated casework files were used as our casework specimens. A total of 468 samples from various anonymous population databases were used as our database sampling. All samples were extracted according to standard operational protocols (one-step organic extraction followed by Microcon-100 concentration (12) ) and quantitated using the ACES 2.0 chemiluminescence kit (Whatman, Clifton, NJ).
PCR Amplification, Pristine Sample Mixtures
Samples (2.5 ng) in this study were amplified with the AmpF STR R Profiler Plus TM kit (Applied Biosystems, Foster City, CA), in 25 µL reaction volumes, and strip-capped thin walled 0.2 mL Perkin Elmer MicroAmp TM reaction tubes. The cycling conditions were the following: 95
• C-11 min, once; 94
• C-60 s, 59
• C-90 s, 72
• C-90 s, for 28 cycles; 60
• C-30 min, once; 22
• Covernight (13, 14) . All amplifications were carried out in PerkinElmer Gene Amp TM 9600 DNA Thermal Cyclers.
Electrophoresis
Profiles were resolved on ABD 377 DNA Sequencers. A 1.5 µL aliquot of each amplified PCR reaction was diluted in 4.5 µL of loading buffer (2X Tris-Borate-EDTA, 20 mM EDTA, 20 mg/mL blue dextran, 0.5 µL GS 500 ROX (ABD), 9 M urea), heatdenatured at 95
• C for 2 min and snap-cooled on ice-water. With allelic ladders, a volume of 0.7 µL of each of the 3 ladders provided with the PP kit were mixed together with the above-mentioned volumes of loading buffer. For both amplicons and allelic ladders, a volume of 1.5 µL from these mixes was then loaded onto 0.2 mm thick, 4% 19:1 acrylamide (Bio-Rad): bis-acrylamide (BRL) 6 M urea gels. All gels were cast on 36 cm WTR plates with squaretooth combs; the gels had been polymerized by making the solution 0.05% for both TEMED and APS, cured for 2 h and pre-run for 30 min at 1000 V. Electrophoresis was carried out at 3000 V for 2.5 h at 51
• C in 1X TBE. On each gel, two lanes were reserved for allelic ladder samples.
Data Processing
Sample data were analyzed with the GeneScan Analysis software (v. 2.1) under the Local Southern sizing algorithm. Allele size and designation as well as peak height and peak area values for every allele in the profiles were exported from Genotyper 2.0 into a spreadsheet for statistical calculations. Nominal allele peaks under 100 relative fluorescence units of peak height intensity, as well as casework samples exhibiting any signs of an additional minor profile were excluded from both the stutter % and HR tabulations. For heterozygous loci showing alleles differing by one repeat unit, the largest allele was excluded from stutter % calculations as the stutter peak of the largest allele would overlap with the peak of the smallest allele. Stutter % and HR were calculated from peak height and peak area to document any advantages the use of one type of data might have over the other.
HR ratios were calculated in two ways: as peak height or area of the weaker intensity allele peak over that of the stronger intensity allele peak (referred to herein as Method #1), the most widely used method; as peak height or area of the longer allele over that of the shorter allele (referred to herein as Method #2).
Results and Discussion
STR DNA typing profiles derived from forensic casework samples often present evidence of more than one contributor. It is often possible to dissect out, to some extent, the contributing genotypes from such mixtures. The process of assigning source attribution of any given allele in the STR profile of a mixture is generally complicated by the fact that mixtures may include more than two contributors, that each contributor may prove to be homozygous or heterozygous at the loci being examined, and that a variable number of alleles may be shared. In that regard, mixed profile interpretation would be facilitated in the absence of stutter (as these peaks can co-localize with those of a minor contributor), and if alleles within a locus were always perfectly balanced for peak height or peak area. However, stutter is a naturally occurring DNA polymerase extension artifact that is believed to have caused STRs to appear in nature. Uneven peak height ratios can be caused by primer binding site polymorphisms: even with the best primer design, primer binding site polymorphisms may still be encountered when a large enough collection of specimens is genotyped at a given number of STR loci. Uneven peak height ratios can also be caused by amplification under stochastic conditions, and such conditions are regularly encountered with forensic specimens. Given these operational limitations, guidelines developed from empirical data can assist in the interpretation of mixed profiles, and allow for artifacts to be distinguished from the presence of a second contributor to a mixture. It is generally accepted that, for shared alleles in a mixed profile, peaks exceeding the range of stutter % and HR (in height or area) established from samples reputed to be of single source should be considered significant indication of the possible presence of a mixture (5-10). Such a tentative conclusion based on the peak pattern observed at a single STR locus may find further substantiation in the examination of peak patterns at additional STR loci. Several studies have reported stutter % and HR ranges obtained from population database, mock sample testing or operational casework DNA typing data. It is understood that casework samples can be subjected to combinations of environmental insults varying in nature, intensity and duration. Simulated casework samples subjected to a single individual environmental insult represent good approximations of reality but may not truly reflect the complex nature of actual casework samples. The aim of this study was to provide stutter % and HR ranges derived from a large collection of casework samples processed with the PP kit. In order to obtain a measure of the increase in range that can be attributed to the sub-optimal conditions of casework samples, a similarly large number of population database samples were also processed to provide an adequate benchmark for comparison.
Stutter %
The strand slippage model proposes that the stutter phenomenon is caused by slippage that takes place during pauses of the DNA polymerase complex during primer extension as a consequence of the enzyme's limited processivity and the presence of secondary structures within repeated sequences (4, (15) (16) (17) (18) (19) . As the core repeat sequences of all nine loci of the PP kit have a 25% GC content (see Table 1 ), which level of GC content favors strand dissociation of double-stranded DNA, it is reasonable to postulate that, during an extension pause of the DNA polymerase complex anywhere within the STR repeat cluster, the strand dissociation required for a subsequent out-of-register re-annealing event would be facilitated. Whether the two strands re-anneal with their original complement or with an out of register position is likely 
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influenced by strand flexibility to accommodate the formation of the required loop. Under that postulate, the probability of occurrence of a slippage event should increase proportionally with repeat cluster length instead of amplicon length, as polymerase complex pauses outside of the repeat cluster would not be expected to produce stutter. Median stutter and standard deviation values were calculated for peak height and area data for all nine loci included in the PP kit, and are presented for both population database and casework samples in Table 1 . As graphical representations of any dataset can reveal data point distributions that are not adequately reflected in a statistical compilation, the datasets are also presented in Fig. 1 as stutter % plotted against peak height and area values of the parent nominal allele. The stippled area in each individual panel represents the average stutter % ± 3 SD.
The graphical representation was selected to evaluate data point distributions but also to assess whether extreme fluctuations of peak height and area values of parent nominal alleles have any impact on associated stutter % values. In that respect, although there are fewer data points at higher peak height and area values, the data from Fig. 1 suggests that for all tested loci and sample types, elevated peak height and area values are not associated with higher stutter % values, which suggests a wide linear detection range for the CCD camera of the ABD 377. For peak heights of parent nominal alleles under 500 RFU in value, stutter % values gradually increase with decreasing peak heights of parent nominal allele for many loci, as highlighted in the D18S51 and D5S818 (database) panels of Fig. 1 . In these situations, the increase in stutter % can be explained by a diminishing contribution of the true stutter component while the background noise component remains constant in the total stutter peak signal.
As shown in Table 1 , median stutter values were lower for casework than for database samples across all loci, for both peak height and peak area data. The presentation format selected in Fig. 1 to display the datasets clearly demonstrates that the observed difference in median values is not a consequence of the presence of higher signal strength off-scale peaks within the population database dataset. The presence of such peaks would cause an underestimation of their true height and area, and an overestimation of their stutter %. A significant difference between population database and casework samples resides in the number of alleles displaying no measurable stutter at D3S1358 and vWA. This phenomenon likely contributes to lowering median values for these loci; however, as the difference is not observed at every locus, it does not entirely explain the overall drop in median for casework samples. NEDlabeled loci, featuring uniformly low average number of repeats within their common allele range, display median values significantly lower than their FAM-and JOE-labeled counterparts. This is consistent with data reported by Holt et al. (10) , but contrary to data reported by Moretti et al. (9) . For casework samples, the median actually drops from D5S818 to D7S820 for NED-labeled loci, despite the increase in amplicon length. However, graphical representation of the same data in Fig. 1 shows bimodal data point distributions as evidenced by large collections of data points on the X axis of graphs for the three NED-labeled loci. Undoubtedly a desirable feature, these "zero" stutter % values displace medians towards lower values at the expense of an increase in the upper limits of the ±3 SD ranges. This suggests that for D5S818, D13S317, and D7S820, median or average stutter values and their associated standard deviations represent very conservative estimates of true stutter % values.
Core STR repeat sequence commonality can be observed in Table 1 . D3S1358, vWA, FGA, D8S1179, and D21S11 all share the same sequence and, similarly, share higher stutter % values. Conversely, there is an absence of sequence commonality within the NED-labeled loci. These data suggest that the core repeat base sequence composition may indeed impact on the flexibility of a dissociated strand and its access to an out-of-register position on a complementary strand.
Under the tested hypothesis, D21S11, with 38 repeats for its largest allele on the PP allelic ladder, should boast the largest median value for stutter. With the tested dataset, the D18S51 locus produced the largest median and SD of all loci. A breakdown of stutter % values for each allele for these two loci is presented in Fig. 2 . It is clear that, within a locus, as the repeat cluster grows in length, the average stutter value increases, as observed in other studies (5, 10) . A case could be made that allele specific stutter % thresholds should be used, but for uncommon alleles, too few data points are available to establish statistically relevant median and SD values. Although there are three "X.2" D18S51 variants in the allelic ladder data displayed in Fig. 2 , no D18S51 variants were encountered within the tested population dataset, whereas variants are frequent with D21S11 typing. The "X.2" variants of D21S11 display lower stutter values, as reported previously (10), the negative difference likely reflecting the destabilization caused by the attempt at re-annealing out of register the repeat containing the variant with a non-complementary non-variant sequence. The frequent encounter of one or two base pair variants thus contributes to a decrease in the stutter % range for an affected locus. However, the D18S51 data cannot rule out overall amplicon length as a valid cause for larger medians. The D18S51 amplicon length range extends significantly higher than any other loci, which produces generally lower intensity amplicons, as can be seen in Fig. 1 . This increases the number of data points under 500 RFU, a range of intensity demonstrated above as generating artificially elevated stutter % values. D18S51 is also unique among PP loci as it has a unique core repeat sequence as well as a unique allele and amplicon length ranges, which make it difficult to ascribe its overall behavior to any of the specific mechanisms described above.
In summary, the stutter % medians varied from locus to locus, increasing with the number of core repeats. D5S818, D13S317 and D7S820 stutter % medians were lower than that of other loci for both database and casework samples. Stutter % medians ranged from 3.4% to 7.0% for peak height, 3.1% to 6.8% for peak area, for population database samples, and from 2.5% to 6.0% for peak height, 2.0% to 5.9% for peak area, for casework samples. Stutter % ranges, defined as the median +2 SD or +3 SD, were similar between the two sample datasets. For mixed profile interpretation, an upper conservative threshold value of 16% (upper range for D18S51 for the median +3 SD) could be used as an overall threshold beyond which a peak in a stutter position should be considered as potentially originating partly from a minor profile. However, a case can be made for locus-specific upper ranges to be used. These ranges should be considered as guidelines, and only once the analysis of the data from all loci is completed can an assessment be made of whether or not a sample reflects the presence of a mixture.
HRs
With optimal amounts of pristine template DNA, a typical PCR reaction contains, for any given locus, an identical number of copies of both allelic targets. In theory, under those conditions, stochiometric amplification should occur and identical amplicon yields from each allelic target should be obtained. In that respect, the PP kit and ABD 377 sequencer analytical platform has been shown to be a robust platform for the accurate measurement of profile components (14) . However, in practice, because of reactant depletion and accumulation of pyrophosphate as a by-product of the primer extension process in later cycles of the PCR reaction, among other contributing factors, primer extension is believed to be less efficient in the last cycles of amplification (20) (21) (22) (23) (24) . Amplicons that fail to be completely extended by the end of an extension segment are no longer amplification targets. As a consequence, late into cycling, shorter amplicons are presumed to stand a better chance of getting fully extended than their longer counterparts. Therefore, even under optimal DNA template and PCR conditions, the average ratio of peak height and area of one peak over the other in any allelic pair at any given STR heterozygous locus is anticipated to be slightly less than 1. HR data can provide a useful estimate of the anticipated data point dispersion about an average or median value. HR ratio calculations can be performed in two ways: as peak height and area of the weaker intensity allele peak over that of the stronger intensity allele peak (Method #1), the most widely used method; and as peak height and area of the longer allele over that of the shorter allele (Method #2). If it is to be assumed that the longer allele peak should generally be of less intensity than the shorter allele peak, then both calculation methods will produce the same HR value. However, in practice, this is often not the case. Therefore, both calculation schemes have been used in this study to document any advantages, or lack thereof, of one scheme over the other.
Median HR and SD values were calculated from peak height and area data for all nine loci included in the PP kit, and are presented for both database and casework samples in Table 2 . Again, the same dataset is presented in Fig. 3 (Method #1) and Fig. 4 (Method #2) as HR values plotted against peak height and area values of the parent nominal allele. As for stutter % data, this graphical representation was selected to evaluate whether extreme fluctuations of peak height and area values of parent nominal alleles have any impact on associated HR values. The stippled areas in Figs. 3 and 4 represent the average HR value ± 3 SD. In comparison to the population database statistics, SDs were doubled for casework samples for both peak height and peak area, a reflection of the challenge these samples collectively represent for this PCR-based assay.
Both tabular and graphical representations of the data show a much wider data spread for Method #2 when compared to Method #1. Discrete examples of how the two HR calculation schemes reflect actual allele peak height and area imbalances are shown D3S1358  91%  6%  93%  6%  638  88%  12%  90%  13%  174  92%  9%  94%  10%  638  90%  19%  91%  23%  174  vWA  92%  7%  92%  7%  714  85%  12%  88%  11%  160  94%  11%  95%  12%  714  87%  17%  92%  19%  160  FGA  92%  6%  92%  6%  802  88%  12%  88%  12%  163  94%  9%  93%  10%  802  93%  22%  92%  23%  163  D8S1179  92%  6%  94%  6%  718  89%  13%  89%  14%  161  93%  8%  97%  10%  718  92%  17%  95%  20%  161  D21S11  94%  6%  93%  6%  792  90%  11%  89%  13%  173  96%  9%  96%  10%  792  95%  20%  94%  25%  173  D18S51  91%  7%  92%  7%  782  84%  12%  87%  12%  177  93%  12%  94%  11%  782  88%  21%  91%  20%  177  D5S818  91%  7%  94%  5%  710  89%  12%  90%  12%  154  91%  9%  96%  8%  710  90%  16%  92%  17%  154  D13S317  92%  7%  93%  6%  728  90%  10%  90%  11%  150  95%  11%  95%  11%  728  94%  19%  93%  23%  150  D7S820  91%  8%  93%  6%  656  88%  13%  90%  14%  157  94%  12%  95%  10%  656  91%  18%  92%  19% in Fig. 5 . For the D3S1358 locus, panel #1 displays the smaller sized amplicon with the lower signal intensity, panel #2 displays the larger amplicon with lower signal intensity. Under the premise that the shorter amplicon is at a competitive advantage, only panel #2 should be considered as representing a near normal balance between peaks, and both calculation methods produce identical ratios. For the situation in panel #1, only Method #2 detects that the situation depicted is different from that in panel #2. This point is further emphasized with samples displayed in panels #3 and #4, where two very different situations are considered equivalent under Method #1, but clearly detected as being different by Method #2. Figure 6 shows an example of a profile with several loci demonstrating some level of imbalance. The highlighted allelic pair features the larger allele as the highest peak intensity in the allelic pair. Even though this chromatogram does not show obvious baseline artifacts at this y-axis range, calculated ratios using peak area data significantly exceed the value of calculated ratios using peak height data. This effect can be further compounded, as shown for the sample in Fig. 7 , where an incomplete A addition yielded, for the D3S1358 locus, a split peak detected for one allele only, affecting peak area based HR calculations considerably more than calculated values using peak height data. Situations where peak area was at a disadvantage in HR calculations were relatively rare in both casework and population database datasets, as evidenced by the absence of a significant difference in data point spreads between the peak area and peak height datasets.
Of the two calculation methods used to produce the HR values, Method #1 produced lowered median and SDs. This was largely expected from the theoretical performance of these methods. Figure 8 demonstrates the impact of the choice of calculation method on a series of theoretical peak ratios extending from 1:45 to the converse 45:1 for a given pair of allele peaks, A and B. The main difference between the two methods is the data point range produced by the calculations: 0 to infinity for Method #2, but a much more restricted 0 to 1 for Method #1. Figure 8 demonstrates the difference in weight given to a series of theoretical incremental changes in HR values. For both methods, HR values under 1 produce a smooth slope that gives less weight to outlying data points. However, only Method #2 produces ratios above 1 in value as under Method #1 ratios of A over B yielding a ratio over 1 in value are converted into B over A ratios and thus remain under 1 in value. Under Method #2, ratios above 1 are given more weight than once inverted as per Method #1. For example, as shown in the figure insert of Fig. 8, a deviations will be larger under Method #2. Method #1 provides a more even weight for each incremental change in HR values, and gives less weight to significant outliers, which is statistically preferable.
In summary, the HR values were calculated as lower signal intensity allele/higher signal intensity allele (Method #1), and as peak height and area of the longer allele over that of the shorter allele (Method #2). Method #1 was shown to provide more even weight for every ratio increment, even though information about the direction of the imbalance is lost. No significant differences were noted between peak height and peak area calculated HR values, and between loci. HR medians were approximately 93 ± 6.5% for database samples, approximately 88% ± 12% for casework samples. The increase in standard deviation for casework samples is likely largely attributable to the challenged nature of most casework samples. At 3 SDs under the median value, the lower limit of the range under which two peaks should be considered as possibly emanating from separate profiles would be 73% and 52% for population database and casework samples, respectively. The lower limit for population database samples is in agreement with other published data (5-7,9,10). However, the lower limit for casework samples is lower, which clearly shows the importance of selecting the proper reference database for the establishment of HR threshold values for casework mixed profile interpretation. As with stutter %, these ranges should be considered as guidelines, and only once the analysis of data from all loci is completed can an assessment be made of whether or not a sample reflects the presence of a mixture.
